Abstract We constructed a mini Compton camera based on an array of CdZnTe detectors and assessed its spectral and imaging properties. The entire array consisted of 6×6 Frisch-grid CdZnTe detectors, each with a size of 6×6×15 mm 3 . Since it is easier and more practical to grow small CdZnTe crystals rather than large monolithic ones, constructing a mosaic array of parallelepiped crystals can be an effective way to build a more efficient, large-volume detector. With the fully operational CdZnTe array, we measured the energy spectra for 133 Ba-, 137 Cs-, 60 Co-radiation sources; we also located these sources using a Compton imaging approach. Although the Compton camera was small enough to hand-carry, its intrinsic efficiency was several orders higher than those generated in previous research using spatially separated scintillator arrays, because our camera measured the interactions inside the CZT detector array, wherein the detector elements were positioned very close to each other.
I. INTRODUCTION
dZnTe detectors have been used widely for measuring radiation energy because of their relatively high energy-resolution, high atomic number, and operability at room temperature [1] . However, due to the low mobility of holes in the material, and its non-uniformity, the usability of these crystals for planar gamma-detectors has been limited; hence, special designs were developed to ensure their suitability for field-portable gamma-ray spectrometers, such as the co-planar grid [2], the small pixel structure [3] , [4] , and the virtual Frisch-grid device [5] , [6] . In current technology, the achievable size of a single crystal with high energy resolution is less than 6 cm 3 [7] . Hence, to construct a A. Bolotnikov, G. Camarda, Y. Cui, R. Gul, A. Hossain, R. Utpal, G. Yang, and Ralph James are with the Department of Nonproliferation and National Security, Brookhaven National Laboratory, Upton, NY 11973, USA W. Lee is the corresponding author for this paper. (e-mail: wonhol@korea.ac.kr) large-volume CdZnTe detector suitable for compact, inexpensive instruments, we developed an assembly of detector modules [8] - [11] . The merit of our method is that the size of the assembly is not limited by the size of a single crystal, and can be increased by merely adding elements. By assembling CdZnTe modules, we developed a mini-gamma camera without requiring any additional instruments. The CdZnTe modules measured and yielded information on the energy and position of sequential interactions inside the camera; we calculated the original position of the radiation sources by applying Compton imaging technology to the measured information. The feasibility of Compton imaging technology was proven several decades ago [12] , [13] , and it has been used for various detectors to reconstruct radiation sources. In the early stages of this research, most detector materials used for Compton imaging were gases or scintillators that could be present in a large volume and coupled with position-sensing devices [12] . With the development of semiconductor manufacturing, a Compton camera fabricated from semiconductors became available, as well as scintillators [14] - [18] . Compared to gases and scintillators, semiconductors show high energy-resolution so assuring fine angular resolution in the reconstructed Compton images. Semiconductors can also attain finer resolution in positioning than even their own pixel dimensions by using the timing information from, or the signal ratio of different electrodes, which improves the angular resolution of the reconstructed Compton image. There have been several research investigations on Compton cameras using one or more CdZnTe detectors, mostly with a single structure [14] - [16] . In this study, we discuss the performance of our Compton camera, consisting of a mosaic array of parallelepiped CdZnTe crystals; they have high potential to be built as a large-volume detector array, resulting in an increase in the efficiency of the detection, and the availability to apply mechanical collimation requiring a large sensing area with high energy-and positionresolution. Fig. 1a shows a schematic diagram of a mosaic detector array for a mini Compton camera. Fig. 1b is a photograph of an individual element and assembled elements. The assembly consisted of 6×6 CdZnTe detectors, each of which has a volume of 6×6×15 mm 3 ; the gap between them was 1.5 mm. Based on the cathode-to-anode ratio and drift time, we Mini Compton Camera Based on an Array of Frisch-grid CdZnTe Detectors corrected the information on the energy of the radiation interaction, so that we could calculate the depth-of-interaction position between the cathode and anode. We note that this was a prototype system, and its electronics could handle more than a tenfold increase in the number of detectors for further studies. Figs. 1b. Photograph of the detector array for a mini Compton camera, illustrating a single detector element and the assembled elements.
II. MATERIALS AND METHODS
Since the position and energy information for each radiation interaction in the detectors are known, the location of the radiation source can be identified via Compton imaging technology. If the position and energy information of the source, 1 st interaction and 2 nd interaction, respectively, are (r 0 , E 0 ), (r 1 , E 1 ) and (r 2 , E 2 ), the cosine values can be calculated based on this information as follows: (1) : vector from r 0 to r 1 : vector from r 1 to r 2
. (2) m 0 c 2 : the rest mass of the electron.
Equalizing the two cosine values, we then can calculate the source position, r 0 . Based on these above equations, we can draw a cone on the source planes for each interaction event. Fig. 2 illustrates how to draw a cone containing a source position. For interaction events, cosines of the angles ( r0 , r1 , r2 , ) are calculated for each point (r 00 , r 01 , r 02 , ) on a 1-D line, and, after comparing the cosines with cos E calculated by (2), the pixel r 00 whose cosine value of the angle ( r0 ) is closest to cos E , we chose as one of possible source positions. Likewise, if the 1-D line is expanded to the 2-D plane or the 3-D volume, other positions on the cone with a vertex r 1 , an axis passing r 1 and r 2 , and an angle r0 are selected as possible source positions. If we measure multiple events, the overlaps of the cones will indicate the source position. Since the overlaps of the cones are a simple back-projection, including inherent angular broadening, additional image reconstruction is required to precisely locate the source position. We used maximum likelihood expectation and maximization (MLEM) method for image reconstruction as shown in (3). This statistical reconstruction algorithm, including the Poisson distribution, is widely used in Compton imaging due to its effectiveness for obtaining the reconstructed image with limited number of radiation measurements. The sequence of the interactions was determined by the energy of each one. According to Y. F. Du et al. [14] and W. Lee et al. [22] , if the energy of the incident gamma ray was less than 400 keV, it is more probable that the first interaction deposits less energy than does the second interaction in two-events sequences, and vice versa. Therefore, for a 356-keV radiation, we chose the less energetic events as the first interaction, while the higher energy events were the first interactions for higher energy radiations (i.e., 356-, 662-, and 1275-keV).
The experimental setups were used to evaluate the performance of the mini Compton camera. First, point sources of 169. 5 60 Co were positioned at the vertexes of an equilateral triangle, and the radiations from all three were detected simultaneously. The plane with the multi-sources was placed 17 cm from the detector, and the distance between sources was 14.5 cm. The measurement time was 2 hours.
III. RESULTS Fig. 3 lists shows the energy resolutions of the spectra for single events measured by each detector element. The resolutions were calculated at the full-width-half-maximum (FWHM) divided by the peak channel for 662-keV gamma rays. The energy resolution of the combined spectrum for all detector elements was 1.08 % (Fig. 4) . 137 Cs source was broader than that of the single events, because the energy resolution is inversely proportional to the deposited energy, and the individually deposited energies of a coincident event are lower than that of a single event. In addition, the electronic noise increases when each of the electronic signals induced by a sequential interaction is summed. The peak-to-total ratios of the spectra for coincident events were 2.7 times higher than that for single events, because most of the Compton continuum consists of single Compton scattering events, followed by the escape of the scattered gamma rays, whilst the photo-peak can be composed of coincident events, such as Compton scatterings followed by photoelectric events [23] . (2)) when the location of the source was known as the center of the field-of-view (FOV). Since angular uncertainty is related to energy uncertainty and energy resolution is inversely proportional to a square root of the incident energy [24], the FWHM and FWTM (full width tenth maximum) of the ARM generally decreased proportionally with the increase of the incident radiation energy. The width of each back-projection cone for Compton imaging (cf. Fig. 2 ) was set based on that of the ARM. 6 showed the images of point isotopes reconstructed using the MLEM method. Only when the combined energy of two sequential events was in the range of the photo-peak region for each source, the events were selected for Compton reconstruction. As discussed in previous studies [25] , [26] , the reconstructed image was sharper and had more noise with higher iteration. Table 1 shows the FWHMs, intrinsic efficiency, and absolute efficiency for each radiation source at 14.5 cm from the detector. The intrinsic imaging efficiency was the ratio of the number of effective events (a Compton scattering followed by a photoelectric effect) used for image reconstruction to the total number of gamma rays incident on the surface of the detector; the absolute efficiency was the ratio of the number of the same effective events to the total number of gamma rays emitted from the source. The efficiencies are inversely proportional to the energies of the sources, because the probability of both Compton scattering and photoelectric effect decreased with the rise in incident radiation energy. Compared to the results of previous research using two separated scintillator arrays, the detection efficiency of our camera was from two-to four-orders of magnitude higher, while the angular resolution was from two-to six-times broader than that of the previous cameras. By using an integrated detector array, we minimized the distance between voxels of our camera, and hence, the detection efficiency was significantly improved, but the geometrical uncertainty based on the ratio of the voxel size to the distance between voxels was increased. 2.27×10 -6 Fig . 7 shows the reconstructed images of multiple sources after the 50 th iteration. Every source, which was measured simultaneously, clearly was identified in each of its own positions. In Fig. 7(a) , multiple sources were reconstructed by summing the reconstructed image of each source after the peak-count normalization. The radius of each reconstructed source was inversely proportional to the energy of the gamma rays emitted from the source, which was consistent with the results in Table I . 
IV. CONCLUSIONS
By using an array of Frisch-ring CdZnTe detectors, we developed a mini Compton camera and compared its performance with those achieved by previous researchers based on separated scintillator arrays. The efficiency and angular resolution of our camera were experimentally measured for various gamma-ray sources (at energies of 356-, 662-, 1137-and 1332-keV). Our camera, consisting of an integrated array, has significantly higher detector efficiency and broader angular resolution than those made of separated scintillators. In further studies we will use a finer voxel or sub-voxel CdZnTe array to improve the angular resolution.
